Large trees in the tropics are reportedly more vulnerable to droughts than their smaller neighbours. This pattern is of interest due to what it portends for forest structure, timber production, carbon sequestration and multiple other values given that intensified El Niñ o Southern Oscillation (ENSO) events are expected to increase the frequency and intensity of droughts in the Amazon region. What remains unclear is what characteristics of large trees render them especially vulnerable to drought-induced mortality and how this vulnerability changes with forest degradation. Using a largescale, long-term silvicultural experiment in a transitional Amazonian forest in Bolivia, we disentangle the effects of stem diameter, tree height, crown exposure and logging-induced degradation on risks of drought-induced mortality during the 2004/2005 ENSO event. Overall, tree mortality increased in response to drought in both logged and unlogged plots. Tree height was a much stronger predictor of mortality than stem diameter. In unlogged plots, tree height but not crown exposure was positively associated with drought-induced mortality, whereas in logged plots, neither tree height nor crown exposure was associated with drought-induced mortality. Our results suggest that, at the scale of a site, hydraulic factors related to tree height, not air humidity, are a cause of elevated drought-induced mortality of large trees in unlogged plots.
Introduction
The Amazon region is predicted to experience hotter and more frequent droughts as a result of elevated sea surface temperatures that intensify El Niñ o Southern Oscillation (ENSO) events and affect the intertropical convergence zone [1, 2] . As a result, forests there may face increased tree mortality rates due to water stress [3, 4] . At the level of individual trees, drought-induced mortality is likely to vary with interactions among microenvironmental conditions and tree characteristics. Understanding of these interactions and their underlying mechanisms is needed to predict the fates of trees and forests in a changing climate. Here, we examine the effects of the 2005 ENSO event on tree mortality in a selectively logged transitional Amazonian forest in Bolivia.
Predicting individual tree responses to drought remains challenging but a number of characteristics reportedly contribute to drought tolerance and avoidance, including narrow vessels, high wood density and high leaf mass per area as well as various hydraulic properties of leaves and wood. One reported pantropical pattern is that large trees suffer elevated risks of drought-related mortality ( [5 -9] , but see [10] [11] [12] ). This relationship is of particular concern due to its implications for forest structure, timber production and carbon sequestration as the climate changes.
The two principal mechanisms proposed for large tree vulnerability to drought focus on the decreased soil water potential that droughts cause. First, as soil water potential decreases, so do plant water potentials. To overcome gravity, tall trees must maintain higher xylem tensions than short trees, and with increased xylem tension comes increased cavitation risk [5, 9] . Xylem cavitation decreases hydraulic conductivity, leading to more negative leaf water potentials, often reduced stomatal conductance and reduced net photosynthesis. Second, given that metabolic maintenance costs increase with tree size, large trees are more likely to suffer carbon deficits than smaller trees if photosynthesis is constrained by cavitation or stomatal closure [4] . Both of these mechanisms result in increased mortality risk either directly as a result of carbon deficits, inability of the leaf's antioxidant system to scavenge reactive oxygen species [13] , or indirectly via increased susceptibility to pests, pathogens and other causes of mortality [14] . Despite abundant circumstantial evidence, these proposed mechanisms for large tree vulnerability to drought have not been explicitly tested.
While droughts affect both soil water potential and air humidity, the former has been the primary factor invoked to explain large tree vulnerability to drought (but see [11] ). Increased vapour pressure deficit (VPD) during droughts due to reduced air humidity and increased air temperature likely contribute to large trees' vulnerability to drought, and may better explain drought-induced mortality than tree size. Trees with exposed crowns, regardless of their height, require more water for transpirational cooling and experience relatively high VPD. High VPD leads to high transpiration rates per unit of carbon fixed. Therefore, when soil water potential is low, trees with exposed crowns may fix less carbon (in the case of isohydry or facultative deciduousness) and/or suffer xylem cavitation (in the case of anisohydry), and hence be particularly susceptible to drought-induced mortality. For this reason, we hypothesize here that canopy exposure is a better predictor of tree mortality than tree size (i.e. stem diameter (diameter at breast height, DBH) or height).
Forest management and drought
Trees in a stand compete for soil water and consequently, when stands are thinned, remnant trees may access a larger share of that water via expanded root systems and increased soil water availability [15, 16] . Thinning may also increase total available soil water by increasing the total amount of precipitation reaching the forest floor due to a reduction in leaf area index and hence interception of precipitation [17, 18] and transpiration [19] . Ground water levels may also rise in treefall gaps [19] , potentially allowing trees to access ground water that previously relied on soil water, and potentially benefiting neighbouring trees via hydraulic lift [20] .
Numerous studies in temperate forests have shown that thinning reduces drought stress and increases resistance and resilience to drought across a broad range of forest types [21 -27] , with a few exceptions [28, 29] . The droughtrelated benefits conferred by thinning may be limited by soil water storage capacity [15] and may decline over time [23] . For example, trees may adapt their architecture and physiology in response to thinning-induced increases in water availability by decreasing their Huber values (sapwood area : leaf area) and increasing stomatal conductance, rendering them more vulnerable to future droughts [17] . Emerging understory vegetation may also compete with remnant trees for soil water [15] . To maintain the drought resistance benefit of thinning, repeated treatments are recommended [30, 31] . Finally, the extent to which thinning protects remnant trees from drought may depend on abiotic conditions and vary across gradients such as elevation [21, 22, 32, 33] .
Managing temperate forests for resistance and resilience to climate change, typically via influencing the species mix, size distribution and stand basal area, is a topic of current discussion [34] [35] [36] [37] [38] . In comparison, the same discussions about tropical forests are relatively data-deficient and lack direct tests [39] . Caution in extending results from temperate to tropical forests is warranted given their myriad differences and the fact that temperate forests vary in their responses to thinning [23] . The few available studies on drought effects on tropical trees hint that they respond similarly to their temperate counterparts. In particular, Leighton & Wirawan [5] reported that during a major drought in Borneo, large trees benefitted from lowintensity understory fires that killed many small trees, possibly due to reduced competition for water. Similarly, Shenkin et al. [40] showed that logging-damaged trees suffered from droughts less than undamaged trees, likely due to their proximity to logging gaps.
Key to understanding how logging affects tropical forest responses to drought is whether it renders large trees more or less vulnerable, and how this response varies with size and crown exposure. For example, reduced belowground competition and increased throughfall in logged plots may confer drought-resistance to trees of all sizes. By contrast, if large trees live especially close to their drought stress limit, logging may confer on them a particularly large advantage. Alternatively, logging may allow small trees to build carbon reserves and therefore benefit more than large trees. On the other hand, logging may expose small trees to high VPD, thereby increasing their vulnerability to drought. Sparse evidence exists to support differential responses to drought across size and exposure classes: Kolb et al. [41] and Erickson & Waring [42] found that older, and presumably larger, pines in Arizona fared better during droughts in logged than unlogged plots, and Trouvé et al. [43] found that understory trees suffered more from drought in dense but not in open stands.
To address these questions, we compared the powers of tree size and crown exposure to explain drought-induced mortality, examined how logging changes those relationships and test whether logging buffered large trees against drought. In particular, we test our expectation that logging conferred drought resistance to large trees in our study system. Finally, we reflected on the implications of these results for future research and our understanding of the futures of undisturbed and managed tropical forests. Investigació n Forestal (IBIF) within the forestry concession held by Agroindustria Forestal La Chonta, 30 km east of Ascenció n de Guarayos, Bolivia (15847 0 S, 62855 0 W). This semi-deciduous forest (hereafter 'La Chonta') receives an annual average of 1580 mm of precipitation, with four months (May -September) that each receive less than 100 mm [44] . The forest contains tree species from both wet Amazonian lowland forests to the north and dry Chiquitano forests to the south and falls within WWF's Global 200 Southwestern Amazonian Moist Forest Region. Located on the southern edge of the Amazon Basin, approximately 30% of the tree species that grow to be greater than 10 cm DBH are deciduous and liana densities are very high [45] . The soils of La Chonta are a mosaic of what have been described as nutrient-rich sedimentary ultisols [46] and poorer soils derived from the Brazilian Precambrian Shield [47] . The concession's terrain is undulating with some granitic outcrops (i.e. inselbergs), none of which are in the permanent sample plots.
Material and methods
The LTSRPs established in 2000/2001 include three blocks of four 27 ha treatments: control (no logging); normal logging; improved logging; and improved logging with intensive silvicultural treatments [45] . All logging was selective, planned and carried out by trained crews according to reduced-impact logging (RIL) guidelines. Pre-felling of lianas in to-be-felled trees was carried out approximately six months prior to logging, and lianas were cut from future crop trees in the improved and intensive treatments. Trees overtopping future crop trees of commercial species were girdled in the improved and intensive plots, and the soil was scarified in gaps in the intensive plots to encourage pioneer tree establishment.
Within each plot, all trees greater than 40 cm DBH were censused semi-annually, with trees greater than 20 cm and greater than 10 cm DBH censused in half of the main plot and in four 1 ha plots, respectively. Censuses often took more than a year to complete due to the size of the experiment and logistical chal- Each tree in every census was assigned a crown exposure class with the system of Clark & Clark [48] : 1 (no direct light), 2 (some lateral light), 3 (10-90% overhead light), 4 (greater than 90% overhead light) and 5 (full overhead and later light). During the first census in 2000-2001, tree heights were visually estimated by experienced crews. Heights for the following censuses were predicted with a height allometry model to predict tree heights from DBH for all trees across all census intervals. If a tree was present in the first census, and hence had a height measurement, we maintained its offset from the general allometry such that if a tree was 1 m taller than the allometry would predict in the first census, we predicted it would be 1 m taller than the mean prediction every subsequent census based on its DBH. Coefficients from models based on height may be very different from those based on DBH for two reasons: because the allometric relationship between height and DBH is nonlinear, and because we included the individual offsets in height prediction described above. See electronic supplementary material for details.
We used precipitation records from the nearest long-term weather station in Ascenció n de Guarayos, accessed via the Bolivian National Meterological and Hydrological Service database (http://www.senamhi.gob.bo/). Over the course of the study (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) , annual precipitation averaged 1318 mm, with a maximum of 1798 mm in 2007 and a minimum of 994 mm in 2010.
We calculated soil water deficits with the Climatological Water Deficit (CWD) model, a simple bucket model that fills with precipitation and assumes evapotranspiration of 3.33 mm per day [49 -51] . We started calculations of CWD on 1 January 1970 and then ran them forward day-by-day, adding daily precipitation and subtracting 3.33 mm day 21 (electronic supplementary material, figures S2 and S3), capping CWD at a maximum of 0 (saturated soil). For each census interval, the Maximum Climatological Water Deficit (MCWD) is the most negative value of CWD observed. Logging and other factors affect the soil moisture environment experienced by trees; thus, we used MCWD here as a general indicator of climatological drought conditions.
(a) Model formulation and selection
We constructed models that include the direct effects and interactions of variables representing factors pertinent to our questions: drought (MCWD), tree size (DBH, height), crown exposure (crown position; CP) and logging. A subset of models (Model 11, Model 12, Model 21 and Model 22) contain just size and not crown exposure predictors. These simpler models addressed the direct question of whether large trees are more vulnerable to drought than small ones, and left the question of the roles of size versus exposure for the more complex models.
We distinguished between classes of models based on different metrics of tree size (DBH, height or both DBH þ height) and whether they distinguished between logged and unlogged areas (electronic supplementary material, table S1). We tested the effects of logging with two further classes of models: those run on the complete dataset that include a variable (logged) indicating whether the tree is in a logged (1) or unlogged (21) plot; and those run on data from logged and unlogged plots separately. We did not compare across models fit to separate datasets as this would introduce unnecessary complexity; instead, we used these models to reduce complexity and to aid interpretation of differences between logged and unlogged plots.
Our models integrated, instead of separating out, the effects of species in order to reduce complexity, aid interpretation and promote generality of results. Logging shifts species composition to more acquisitive recruits [52] and drought-tolerant seedlings [53] . Functional composition of recruits and regeneration may or may not have a strong effect on drought-induced mortality of larger trees. Either way, the species-agnostic approach integrates the effect of this compositional shift instead of separating it out.
We ranked classes of models with corrected-AIC scores to gain insight into the most important predictors of mortality. For hypothesis testing, we examined predictor direction and significance in the higher ranking models that contained our variables of interest. To avoid data dredging, we confined our models' formulations to those we deemed to contain ecologically informative interactions instead of testing a complete set of possible permutations. Because height was derived in part from DBH when direct estimates were not available, we limited our use of models that include both predictors.
(b) Statistical models
Unless otherwise indicated, models were fit using generalized linear mixed models (GLMMs; [54] ) in the R statistical environment [55] with the lme4 package [56] . When GLMM fits indicated potential convergence issues, we verified parameter estimates by fitting Bayesian models via the R INLA package [57] with the same structure as the GLMM model. GLMM parameter confidence interval estimates were unreliable in these cases and are thus not reported. Instead, we rely on Bayesian 95% credible intervals as determined by the 0.025 and 0.975 quantile values shown in the coefficient plots (electronic supplementary material). To test for a nonlinear relationship rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20180189 between mortality and tree size, we examined scaled model residuals [58] . Confidence intervals in prediction plots were determined using Wald estimates, as models typically took hours to converge, and hence bootstrap methods were unavailable. We used bootstrap techniques applied to GLMs fit to data from the driest intervals to test for absolute differences in mortality rates of the largest trees between logged and unlogged plots.
Data were coded such that mortality (coded as 1) and survival (coded as 0) were associated with an individual census interval. Census intervals varied in length, and this variation was accounted for by including offsets in our models (see the electronic supplementary material). We used a binomial error structure with a complementary log -log link function. An 'event' consists of one observation of one individual from one census to the next. For example, if an individual survived through all four census intervals, there are four 'survival events' for that tree.
We included random effects in our models to account for block effects (d k ) and repeated measures (g i ). To account for block effects, we assign a random variable for all 12 plots since four treatments nested within three blocks would be too few levels. When models were run on just the data from the unlogged plots, blocks were included as fixed instead of random effects, as there were too few levels to treat them as random effects. To aid interpretation, we present just the structure of the linear predictor bX ij and omit other covariates when listing models.
In all models, independent variables were scaled such that s.d. ¼ 1 and centred on 0 where appropriate to render outputs interpretable [59] . Unless otherwise indicated, trees that died due to felling, collateral logging damage or silvicultural treatments were removed, as were trees in areas that burned in 2004.
(c) Interpreting coefficients
Coefficients of the linear predictor h ¼ bX ij in GLMMs with complementary log-log links, when exponentiated, can be interpreted as hazard ratios (HRs). Specifically, HR ¼ 1 2 exp(coefficient). If exp(coefficient) ¼ 1, then that characteristic has no influence on HRs. In our case, a hazard ratio is the increase in annual probability of mortality compared to the control or mean group due to a unit increase in a characteristic. Thus, if the expected mortality rate of a tree with DBH ¼ mean(DBH ij ) is 2% and the DBH coefficient is 20.7, then HR ¼ 1 À exp (DBH) ¼ 0:5. Hence a unit increase in DBH corresponds to a 50% decrease in expected annual mortality relative to the mean expected annual mortality rate of 2%, resulting in an expected 1% annual mortality rate. As another example, if an HR of 1.05 is reported, this indicates that a unit increase of that variable raises a base mortality rate of 2% by 5%, to an expected 2.1%. A potential source of confusion when reporting HRs is that, when reported as percentages, they might erroneously be interpreted as additive terms to the base mortality rate; in fact, they should be interpreted as multiplicative. For example, if an HR of 1.05 (5%) is reported, the resulting mortality rate due to a unit increase of the variable is not 2% þ 5% ¼ 7%, but rather 2% Â 105% ¼ 2.1%.
Because our predictors were scaled, the unit of change corresponds to one standard deviation of that characteristic in our observed data. The logged plot dummy variable, logged, was coded with contrasts 21 (unlogged) and 1 (logged). Therefore, HRs including the logged variable should be doubled. figure S3 ).
Results
H 2 O since 1970 in the 2004 dry season, surpassed only by the 2010 dry season that is not addressed here (electronic supplementary material,
(b) Model comparison
Our interest in the effects of logging and drought led us to examine whether the inclusion of those factors improved the models. Models that included interactions between MCWD and height, and MCWD and crown exposure, had similar AIC scores to those without them, which indicated that these interactions lent enough explanatory power to warrant their inclusion (electronic supplementary material, table S4). Height-based models were not more parsimonious when logging was included, though all height-based models were similar enough to warrant examination of the factors of interest in this study.
The models we tested grouped principally according to whether they included height or DBH. Height-based models were better predictors of mortality than DBH-based models in general (DAICc Model 152Model 5 ¼ 2260; electronic supplementary material, table S4), and all height-based models fell within a relatively small range of DAICc (DAICc Model 82Model 24 ¼ 26.2), while DBH-based models varied substantially (DAICc Model 152Model 12 ¼ 224.5). As such, we focus our discussion on height-based models, though we note results from DBH-based models where appropriate.
Lagged MCWD predictors were weak and thus discarded. Scaled residuals did not indicate a nonlinear response of mortality to tree size (electronic supplementary material, figure S15), so we maintained a linear modelling framework. An expanded explication of model results can be found in the electronic supplementary material.
(c) Roles of tree size and crown exposure in overall mortality
We first present non-drought-related factors that influence tree mortality, and then address factors affecting droughtinduced mortality below. Height and DBH were strongly associated with overall reductions in mortality risk. Crown exposure was, unexpectedly, associated with increased mortality risk in height-based models (electronic supplementary material, figure S12), and strong decreases in mortality risk in DBH-based models (figure 3; electronic supplementary material, figure S9a).
(d) Does logging affect the roles of tree size and crown exposure in tree mortality?
The two modes of inference employed here conflicted: height-based models were not improved by adding logging interactions, but the three-way interaction h:logged:MCWD was positive and significant, indicating that the role of height in drought-induced mortality was significantly different between logging treatments. Furthermore, consistent shifts in the roles of size and crown exposure in droughtinduced mortality were observed when fitting models to separate logged and unlogged datasets (see below). Finally, a number of terms that included the logging predictor were significant in our models (e.g. figure 3 ). Predictions indicated that, while the coefficients of the interactive terms are not large, they exert important influences on tree mortality rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20180189
(figures 1 and 2; electronic supplementary material figures S11b and S14). We therefore concluded that logging does affect the roles of size and crown exposure in drought-induced mortality.
(e) Roles of tree size and crown exposure in droughtinduced mortality
Overall, mortality rates increased during drier intervals (electronic supplementary material, figure S5 ) as expected, which was confirmed by the negative coefficients for the MCWD term in all our models (figure 3; electronic supplementary material, figures S9, S10 and table S7). Across all plots (figure 1a) and within logging treatments (figure 1b,c), tree height was associated with greater shifts in mortality risk during droughts than was crown exposure. Tree height was associated with increased drought-induced mortality risk in unlogged plots, but not so in logged plots (figure 1a,b; electronic supplementary material, figure S12a, figure 3c,d) . This difference was confirmed by the positive and significant three-way interaction between height, logging and MCWD (h : logged : MCWD ¼ 1.047 in Model 29, figure 3a ; electronic supplementary material figure S9a and table S7). The result is that, in unlogged plots, mortality increased more quickly as a result of drought in taller trees than in shorter trees ( figure 1c) .
In the case of DBH-based models, DBH was associated with reductions in drought-induced mortality (i.e. drought tolerance) in logged plots, and was not associated with a directional effect in unlogged plots (electronic supplementary material, figure S9e,f ).
The effect of crown exposure on drought-induced mortality was consistent between logged and unlogged plots, and varied primarily as a result of whether tree height was (f ) Relative importance of tree size and crown exposure in drought-induced mortality
Estimating predictor importance by comparing models, we found that models that included crown exposure's influence on drought-induced mortality fit the data slightly better than those including height (electronic supplementary  material, table S4 Predictions showed that the difference in mortality between height classes changes more than that between crown exposure classes across the range of MCWD we observed when examining effects both controlling (figure 1a) and not controlling ( figure 1b,c) for each other. Electronic supplementary material, figure S12 further shows that in unlogged plots, when controlling for other effects, the difference in mortality between height classes changed more as a function of drought than the difference in mortality between crown exposure classes.
The weight of evidence when comparing the roles of tree height and crown exposure led us to conclude that tree height was a more important determinant of drought-induced mortality than crown exposure, especially in unlogged plots. In DBH-based models, DBH was slightly more important than crown exposure in logged plots, but acted in a direction opposite to expectation (i.e. drought-induced mortality decreased with tree size; electronic supplementary material, figure S9e,f ). Neither variable was a significant predictor of drought-induced mortality in unlogged plots, so we did not evaluate relative importance in that case.
(g) The effect of logging on drought-induced mortality of large trees
Removing the crown exposure predictor from height-based models allowed for a direct test of the effect of tree height across logging treatments, regardless of the effect that logging may have had on crown exposure. These models showed that mortality rates of a 35 m-tall tree in a logged plot had a 1.1% chance of dying during a drought year with 2619 mm H 2 O MCWD, whereas the same tree in an unlogged plot had a 1.6% chance. Owing to the rarity of large-tree mortality events, non-parametric boostrap tests found that these differences were not significant.
Discussion
The influences of tree height, stem diameter and crown exposure on drought-induced mortality are complex and varied according to other covariates and logging. In general, tree height was the predictor most strongly correlated with drought-induced mortality; it increased the risk of droughtinduced mortality in unlogged plots. Stem diameter had the opposite effect, tending to decrease the risk of droughtinduced mortality when it had an influence. Crown exposure seemed to render trees vulnerable to risk during droughts, but when height was added to models, this effect was reduced; the correlation between crown exposure and tree height (Pearson r ¼ 0.57) may partially explain this reduction. Our results suggest that hydraulic factors associated with tree height, such as decreased hydraulic conductance, greater embolism risk or decreased leaf water potentials were more likely causal factors of the observed pattern of large-tree vulnerability to drought than local VPD variation or other dimensions of tree size. The hypothesis that crown exposure plays a larger role than tree size in drought-induced mortality was not supported by our data. While crown exposure was more likely to be associated with increased drought risk than stem diameter across conditions and models, tree height seemed to be a more important predictor, particularly in unlogged areas.
The magnitude of the interactions between tree height, diameter, crown exposure and MCWD often ranged from 20 to 35% of the magnitude of the direct effects. This constitutes an important indicator of how trees and forests respond to drought, and could have important implications for future forest structure.
While previous studies associated increased stem diameter with increased drought risk ( [5] [6] [7] [8] , but see [10, 11] ), our results indicate that tree height, not stem diameter, is the likely cause of this pattern. Indeed, diameter was actually more likely to confer drought tolerance than predispose trees to drought risk. We show here how studies that do not control for crown exposure or tree height could come to the conclusion that stem diameter is positively associated with drought-induced mortality. Crown exposure and tree height, which both tend to increase with stem diameter, predisposed trees to drought-induced mortality more strongly than diameter buffered them. This means that when these covariates are not included, models may find stem diameter positively associated with drought-induced mortality.
(a) Does logging increase drought resistance in this tropical forest?
While we found that the relationship between tree size and drought risk differed as a function of logging, we did not find that trees across all size classes were better off in logged plots during droughts. This finding is in contrast to studies in temperate forests showing that thinning may assist trees of all sizes to resist drought. Studies across gradients of environments and forest types in the tropics are needed to determine if the drought-tolerance conferred by logging in temperate forests is truly absent in tropical forests.
(b) Does logging protect large trees from drought?
Taller trees suffered larger increases in drought-induced mortality than shorter trees in unlogged plots. This pattern was diminished or absent in logged plots. Predictions indicated that this trend, in droughts deeper than measured here, may lead to elevated rates of drought-induced mortality of large trees in unlogged plots when compared to logged plots. Nonetheless, because large trees are relatively rare, and mortality of those trees even more so, we did not find a significant difference in the mortality rates of large trees between logged and unlogged plots during the deepest drought examined in this study. Thus, further study, examining deeper droughts or larger sample sizes, is necessary to bring clarity to this question. Increased tree height and crown exposure did not leave trees vulnerable to drought in logged plots, which contradicts our hypothesis. Indeed, the relationship between crown exposure and drought response differed little between logged and unlogged plots. We expected that rapid exposure of many trees to high VPDs and insolation due to logging would render them vulnerable to drought-induced mortality. Increased soil water availability in logged plots may counteract these potentially damaging conditions given that the trees most likely to suffer post-logging shocks are on the edges of logging gaps where they benefit from increased soil water availability.
Tests of relationships between dimensions of tree size, neighbourhood metrics such as canopy position, and drought-induced mortality across rainfall and disturbance gradients in the tropics are needed to elucidate the determinants of drought vulnerability. Key questions for future research include: how does thinning via selective logging affect stand-level resistance and resilience to drought across tropical forests? How do edaphic factors alter the interactive roles of tree structural and functional characteristics in determining drought vulnerability? And how do different logging intensities and silvicultural treatments interact with tree characteristics to affect drought vulnerability?
(c) Why do trees grow tall?
One finding from this study that contradicted our expectations about overall (not drought-induced) mortality stood rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20180189 out: crown exposure was associated with higher mortality rates when controlling for tree height, especially in unlogged plots (crown pos ¼ 1.087 in figure 3d ; electronic supplementary material, figure S12b). The assumed primary function for trees growing tall is to out-compete neighbours in a contest for the limiting resource of light. We would therefore expect crown exposure to be associated with lower mortality rates when controlling for tree height, and tree height to be associated with higher mortality rates when controlling for crown exposure. Instead, our results suggest the opposite: that at least in terms of mortality, advantage lies in a tree growing tall, and that crown exposure is a negative consequence of this growth in this regard rather than its purpose.
While unexpected, this result should be seen in its proper context. That is, mortality is just one facet of fitness, and growth, reproduction, viability and other fitness-related traits may have different relationships with height and exposure. Furthermore, unbalanced species compositions across treatments and collinearity between height and crown exposure may underlie this pattern. Nonetheless, the assumption that gaining an exposed crown is the ultimate goal of growing tall could serve as an interesting topic for further research.
(d) Implications for future forests
Phillips et al. [60] suggest that large tree vulnerability to drought may place an upper limit on tropical tree sizes in the future. Our findings corroborate this conclusion in undisturbed forests to a certain degree, but not in disturbed areas.
Much of our knowledge about how tropical forests respond to drought is derived from studies in plots specifically chosen for their lack of disturbance. Since at least half of extant tropical forests are managed or disturbed [61] , it is equally important to understand the response of these 'degraded' forests.
Our results support the view that tall trees are particularly vulnerable to drought in undisturbed forests. However, after a certain proportion of large trees die due to drought, and if logging approximates that process of drought-culling of large trees, then the remnant large trees may no longer be particularly vulnerable. In fact, their size, and stem diameter, in particular, may serve to buffer them against future droughts.
If our finding that, in logged forests, drought-induced mortality does not depend on tree height holds across the tropics, then instead of a limit on tree size as previously suggested, we may see an initial reduction in the density of large trees in drought-stressed but unlogged areas, which could then level off to lower densities in a more drought-affected world.
Recent studies (e.g. [3] ) suggest that forests will experience ever increasing drought-induced mortality rates as a result of contemporary changes, including a changing climate and anthropogenic disturbance. What these studies often fail to consider is how vulnerability to drought may change as forests degrade. Here we found that the reduced competition that logging affords during droughts seems to counteract the size signal in drought-induced mortality found in unlogged areas. Thus, while pristine forests are likely to feel the full brunt of droughts in the near term, they may change to a different, degraded, steady state of lower basal area that might weather the future changes bearing down on them [62] . These lower density forests may be better able to persist as climate change progresses.
(e) Implications for policy and research
Our results indicate the importance of distinguishing between undisturbed and selectively logged forests when making projections regarding how forests will respond to climate change-induced changes. Specifically, projections of future carbon and timber stocks should take into account that in terms of mortality, large trees may suffer disproportionately in closed canopy forests, but such a size signal may reduce or disappear as stands thin due to drought-induced mortality or selective logging.
Stand thinning has been suggested as a potential protective measure to pre-adapt temperate forests to climate change-related increases in drought frequency and intensity. This study does not support such a treatment for conferring tolerance across all stem size classes. Thinning in order to protect large trees, however, remains an open question. Further studies of deeper droughts in tropical forests are necessary to answer this question. Population modelling studies are necessary to project the implications of altered mortality regimes into the future. These questions are especially pertinent in regions where droughts are expected to increase in depth and frequency.
Data accessibility. Data are available as part of the electronic supplementary material. Other data available upon request to al@shenkin.org.
